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Fruit-set involves a series of physiological and morphological changes that
are well described for tomato and Arabidopsis, but largely unknown for
sweet pepper (Capsicum annuum). The aim of this paper is to investigate
whether mechanisms of fruit-set observed in Arabidopsis and tomato are also
applicable to C. annuum. To do this, we accurately timed the physiological
and morphological changes in a post-pollinated and un-pollinated ovary. A
vascular connection between ovule and replum was observed in fertilized
ovaries that undergo fruit development, and this connection was absent
in unfertilized ovaries that abort. This indicates that vascular connection
between ovule and replum is an early indicator for successful fruit
development after pollination and fertilization. Evaluation of histological
changes in the carpel of a fertilized and unfertilized ovary indicated that
increase in cell number and cell diameter both contribute to early fruit
growth. Cell division contributes more during early fruit growth while cell
expansion contributes more at later stages of fruit growth in C. annuum.
The simultaneous occurrence of a peak in auxin concentration and a strong
increase in cell diameter in the carpel of seeded fruits suggest that indole-
3-acetic acid stimulates a major increase in cell diameter at later stages of
fruit growth. The series of physiological and morphological events observed
during fruit-set in C. annuum are similar to what has been reported for tomato
and Arabidopsis. This indicates that tomato and Arabidopsis are suitable
model plants to understand details of fruit-set mechanisms in C. annuum.
Introduction
Successful completion of pollination and fertilization
is essential to trigger fruit-set in most flowering
plants (Gillaspy et al. 1993). Fertilization induces the
development of an ovary into a fruit, while failure of
fertilization triggers senescence of floral organs and
Abbreviations – DAA, days after anthesis; DAB, decolorized aniline blue; DIC, differential interference contrast;
HPP, hours post pollination; IAA, indole-3-acetic acid; MS, mass spectrometry.
†Current address: Norwegian Forest and Landscape Institute, Høgskoleveien 8, 1431 Ås, Norway
finally leads to flower abscission (Nitsch 1970, Talon
et al. 1992). Fruit-set involves a coordination between
signaling compounds, i.e. auxin, gibberellins, ethylene
and cytokinin (Vriezen et al. 2007). Several independent
observations have indicated that auxin is important
for fruit-set and development. For example, auxin
supplied either exogenously or ectopic expression of
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genes encoding enzymes of auxin biosynthesis induces
fruit-set in tomato and Arabidopsis (Vivian-Smith and
Koltunow 1999, Spena and Rotino 2001). However,
it is still an important question how auxin signaling
enables the coordinated developmental change from
pistil/gynoecium into fruit. Prior to anthesis, carpel
development is arrested and pollination/fertilization
induces processes such as vascular development and
differentiation within the carpel to assist the development
of the pistil/gynoecium into a fruit (Gillaspy et al.
1993, Griffiths et al. 2006). Modulations in the auxin
signaling pathways have been reported to occur within
24 hours post-pollination (HPP) in tomato, and this
results in developmental changes and changes in carbon
partitioning (Vriezen et al. 2007). In Arabidopsis, the
vascular strands between ovule and carpel connect
within 54 HPP in a fertilized ovule, while they
remain separated in an unfertilized ovule (Fuentes and
Vivian-Smith 2009). This vascular connection has been
reported to occur also in the absence of fertilization in
the Arabidopsis parthenocarpic fruit without fertilization
(fwf /arf8) mutant (Vivian-Smith 2001). These findings
support the idea that auxin signals might transfer from
the ovule to the carpel, triggering vascular connection
and fruit-set.
Sweet or bell pepper (Capsicum annuum) is an
important vegetable fruit crop. In C. annuum, various
physiological aspects have been studied including fruit-
set and flower abortion. Factors influencing these
processes are the plant hormones auxin and ethylene
(Wien et al. 1989, Huberman et al. 1997, Heuvelink
and Körner 2001), assimilate availability (Marcelis
et al. 2004), assimilate utilization and dominance of
competing fruits (Aloni et al. 1996), reduced metabolic
activity due to heat stress (Aloni et al. 1995) and cultivar
susceptibility for flower abortion (Wubs et al. 2009).
In C. annuum, successful pollination and fertilization
at optimal growth condition result in seeded fruits while
failure of pollination and fertilization at suboptimal
growth condition (high or low night temperature)
result in seedless fruit (Tiwari et al. 2007, 2011). The
physiological and morphological changes that occur in
a developing ovary to regulate fruit-set are not well
studied in C. annuum. The aim of this paper is to study
the physiological and morphological changes during
early and later stages of the fruit growth in C. annuum
and to investigate whether the mechanisms of fruit-set
observed in Arabidopsis and tomato are also applicable
to C. annuum. To do this, we accurately timed the
physiological and morphological changes such as in
vivo pollen tube germination and pollen tube growth
in the ovule vicinity, and vascular connection between
ovule and carpel. To understand the role of auxin in fruit-
set and fruit development, endogenous indole-3-acetic
acid (IAA) levels were measured in seeded and seedless
fruits obtained from pollinated and unpollinated flowers,
respectively. To check the contribution of cell division
and cell expansion to fruit growth, we measured fruit
diameter, cell number/number of cell layers or cell
diameter in a developing ovary at early (0–72 HPP) and
at later [0–40 days after anthesis (DAA)] stages of fruit
growth. The results indicate that tomato and Arabidopsis
are suitable model plants to understand details of fruit-set
mechanisms in C. annuum.
Materials and methods
Plant material and growth conditions
Seeds of sweet pepper (C. annuum L.) cultivar
‘Bruinsma Wonder’ were obtained from Plant Research
International (PRI: 2004001). Four weeks after sowing,
20 seedlings were transplanted into pots of 2 l size with
potting soil and transferred into a climate room. Nutrient
solution (Voogt and Bloemhard 1993) was supplied
regularly. Flower emasculation (removal of outer floral
organs: petals and anthers) was performed 2 days before
the expected date of anthesis to avoid accidental self-
pollination. Two experiments were conducted, where
the first experiment includes in vivo pollen tube growth,
vascular development between ovule and carpel and cell
number and cell diameter in the carpel from 0 to 72 HPP.
The second experiment includes the measurement of
endogenous IAA levels, number of cell layers and cell
diameter in the carpel from 0 to 40 DAA.
In vivo pollen tube growth, vascular development,
cell number and cell diameter
Plants were grown in a climate room with a constant
temperature of 24◦C day/night temperature. From the
previous experiments we know that emasculation of
flowers in this growth condition results in flower abortion
(Tiwari et al. 2011). Plants were exposed to 16 h day-
length (from 08:00 to 24:00 hours) by using high pressure
mercury lamps (Philips HPI 400W, Eindhoven, the
Netherlands) providing a minimum photon flux density
of 100 μmol m–2 s–1 at plant level. Pots were arranged
on a table of 1.20-m height and were allowed to grow
without any pruning. At anthesis, all emasculated flowers
were hand pollinated by using fresh pollens from other
flowers of the same plant and date and time of the
pollination was registered.
To determine the in vivo pollen tube growth, flowers
were collected at 0, 2, 4, 6, 8, 10, 12, 14, 15, 20 and
28 HPP. For each stage, 5–15 flowers were harvested
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and fixed immediately in an acetic acid alcohol (1:3)
solution for overnight. Flowers were rinsed three times
with water, replaced with 10% sodium sulphite solution
(w/v) and autoclaved at 121◦C for 5 min. After cooling
down, flowers were again rinsed three times with
water and finally replaced with decolorized aniline
blue (DAB)/glycerol (DAB: mix 0.2 g of aniline blue
and 4.6 g K3PO4, stored in dark overnight). A stock
solution of 0.1% DAB is prepared by decolorizing
water-soluble aniline blue (Fisher Scientific) in aqueous
phosphate (0.1 M K3PO4). Flowers were dissected to
reveal the ovary, and observations of pollen tube growth
on stigmas and elongation into the style were made
using an epifluorescence microscope (Leica, Dialux
20EB with BP340-380 excitation filter, RKP400 beam
splitting mirror and LP430 barrier filter). Pollen tubes
contain callose (ß1, 3 glucan) in their wall as well
as in their plugs that segment growing tubes. Callose
plugs were highly fluorescent under the microscope;
therefore, presence of callose plugs was used to locate
the pollen tubes in the stylar tissue and in the ovule
vicinity.
To evaluate vascular development in the fertilized
and unfertilized ovules, ovaries (n = 3–5) obtained after
pollination or emasculation were collected at 48 HPP.
Same numbers (n = 3–5) of ovaries from both treatments
were allowed to grow on the plants to see whether
they will set into fruit or abort. Collected ovaries
were cleared by using Hoyers solution (Zhang and
Somerville 1997: 100 g chloral hydrate, 5 ml glycerol
and 30 ml H2O). Cleared ovaries were dissected under a
simple microscope and observed under a Zeiss Axioplan
2 fluorescence/differential interference contrast (DIC)
microscope (Sliedrecht, the Netherlands). Photographs
were taken with a Zeiss AxioCam MRc 5 digital
color camera (Sliedrecht, the Netherlands). The vascular
connectivity was also observed in a hot pepper cultivar
(C. annuum: ‘Fireflame’; F1 hybrid, De Ruiter Seeds,
Bergschenhoek, The Netherlands) grown under the
same growth conditions as Bruinsma Wonder. cv.
Fireflame has a simple anatomy (ovules are concentrated
around a vein type of placenta), which facilitates
easy, clear and convincing observation of vascular
connection compared with Bruinsma Wonder (ovules
are concentrated around a centrally located axile type
of placenta).
To evaluate cell division and cell expansion in the
carpel, pollinated ovaries (n = 3–5) were harvested at
12, 20, 30, 40 and 72 HPP. Length and diameter
of each ovary was measured using digital Vernier
calipers. Horizontal and vertical cross sections of the
carpel were mounted, stained with ‘safranin O’ (stock
solution: 2.5 g safranin O Certistain® in 100 ml of 96%
ethanol, working solution: 1:100 dilution in water) and
observed under a Zeiss Axioplan 2 fluorescence/DIC
microscope. Photographs were taken with a Zeiss
AxioCam MRc 5 digital color camera. Cell diameter,
measured by using UTHSCSA image tool version 3.00
(http://ddsdx.uthscsa.edu/dig/itdesc.html), was used as a
measure of cell expansion, cell number and cell division.
For each treatment, 20–30 cells were observed from 4
to 5 sections per fruit. To measure the diameter of
individual cells we used the same four to six layers in
the mesocarp starting from layer 5 from the exterior
(Fig. 3A, box). From these data we estimated the total
number of cells (Smith 1950). Carpel cell number = (fruit
volume-placental cavity volume)/average cell volume,
where volume (sphere) = 4π /3(r)3. Average cell diameter
(calculated from the mesocarp) was used to estimate the
average cell volume.
Endogenous IAA levels and number of cell layers
and cell diameter in the carpel
Plants of C. annuum cultivar ‘Bruinsma Wonder’ were
grown in a climate room, as described above, at
20.4/20.2◦C day/night temperature. Parthenocarpy is
a genetic trait in C. annuum and emasculation of
flowers at the favorable growth condition resulted in
parthenocarpic fruit-set (approximately 30%) in cv.
Bruinsma Wonder (Tiwari et al. 2011). Fruits obtained
after emasculation can be true seedless fruits only when
they have reached at least 50% of the weight of seeded
fruits, while the remaining fruits were considered as knots
or pseudo-fruits (Tiwari et al. 2007). This definition was
taken into account only for the mature fruits, but not for
the immature fruits. Plants were exposed for long day
(from 06:00 to 22:00 hours) by using fluorescence tubes
(Philips TL 50W, color 84, Eindhoven, the Netherlands)
with a light intensity of 200 ± 2 μmol m–2 s–1.The
terminal flowers were removed from all plants at anthesis
to support vegetative growth. The twin-branch system
was applied, resulting in two stems per plant, with all
side shoots restricted to one leaf and flower. Emasculated
flowers were hand pollinated at anthesis (day 0) and
ovaries (n = 2–3) were collected at 0, 2, 4, 6, 8,
10, 15, 20, 30 and 40 DAA. The same numbers of
ovaries were collected at the same time (DAA) for
pollinated and un-pollinated flowers. After measuring
fresh weight of each ovary, these were used for the
measurement of endogenous IAA and for the evaluation
of the number of cell layers and cell diameter in the
carpel.
For the measurement of endogenous IAA, carpel
and placenta were collected (10–20 mg fresh weight)
from ovaries in 1.5 ml micro centrifuge tubes
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(http://www.sarstedt.com/php/main.php) with conical
bottom and stored at −80◦C. Endogenous level of IAA
was quantified using an isotope dilution mass spectrom-
etry (MS) technique (Edlund et al 1995). To each sample
1–6 ng [13C6] IAA (Cambridge Isotope Laboratories,
Woburn, MA) was added as an internal standard. Anal-
ysis was performed by gas chromatography-selected
reaction monitoring-MS, using a JMS-SX/SX102A instru-
ment (JEOL, Tokyo, Japan).
For the evaluation of the number of cell layers
and cell diameter, rectangular wedge was cut from
the equatorial section from each fruit in duplicates.
Samples were collected for each stage except for 0 and
2 DAA, where whole fruits were fixed by using paraffin
method technique (Bunger-Kibler and Bangerth 1983).
Thin sections (4–6 μm) were obtained from pericarp
samples using a rotary microtome and stained with
aniline blue. Samples were analyzed under a light
microscope (Leitz Aristoplan). Photomicrographs were
then obtained using a camera (Nikon digital camera
DXM1200) mounted on the microscope and analyzed
by using image tool (version 3.00). Cell diameter as a
measure of cell expansion was determined by averaging
diameter of 10–20 cells from 3 to 5 sections per fruit
from exocarp, mesocarp (described above, Fig. 3A,
box) and endocarp layers. The number of cell layers
was counted in the mesocarp as a measure of cell
division.
Statistical analysis
Cell number and cell diameter at each developmental
stage was tested by using one way ANOVA while IAA
level was tested by using two-way ANOVA (time as a
second factor). Mean separation was done by Student’s
t-test (LSD) based on the ANOVA mentioned above. Data
processing and statistical tests were carried out with SPSS
(Statistical Package for the Social Sciences) 15.0.
Results
Fertilization induces vascular connection between
ovule and replum to initiate fruit-set
To establish the timing of fertilization, pollen tube growth
and their movement in the vicinity of the ovule was
observed after pollination. Pollen tubes started their
germination on the surface of the stigma already at
2 HPP. However, none of the pollen tubes reached the
base of the style upto 8 HPP. Only a few pollen tubes
reached the base of the style at 12 HPP, but many
did so at 15 HPP, at which time the first pollen tubes
were observed in the ovule vicinity. At 20 and 28 HPP
many pollen tubes were observed close to the ovules,
suggesting that the majority of ovules were fertilized by
that time (Fig. 1).
In Arabidopsis, before fertilization the vasculature in
the funiculus is not connected to the replum and this




Fig. 1. In-vivo pollen tube growth in a pollinated ovary of Capsicum annuum cultivar ‘Bruinsma Wonder’. (A) Pollen germination on the stigma of
emasculated flowers at 2 HPP, (B) no pollen tubes in the ovule vicinity at 12 HPP, (C) a few pollen tubes in the ovule vicinity at 15 HPP (arrow head)
and many pollen tubes in the ovule vicinity at 20 HPP (D) and 28 HPP (E). The bright spots are callose plugs, indicating the position of pollen tubes
(arrow heads). Scale bar: 100 μm (A), 50 μm (B–E).

















Fig. 2. Vascular development in unfertilized and fertilized ovules of Capsicum annuum at 48 HPP. (A, B) Vascular connectivity between funiculus and
replum was absent in unfertilized ovules (arrow head, A) but present in fertilized ovules (B) of cultivar ‘Bruinsma Wonder’. (C, D) Vascular connectivity
was absent in unfertilized ovules (arrow head, C) but present in fertilized ovules (D) of cultivar Fireflame. Ov, ovule; rv, replum vasculature; fu,
funiculus. Scale bar: 100 μm (A, B), 50 μm (C, D).
suggests that fertilization induced (auxin) signals that are
crucial for fruit initiation might be transmitted from the
ovule to the carpel via vascular development (Fuentes
and Vivian-Smith 2009). To test the same in C. annuum,
cleared fertilized and unfertilized ovules were evaluated
under a fluorescence microscope. Vasculature prior to
fertilization was not observed in C. annuum. Fertilized
flowers set into fruits while unfertilized flowers aborted.
At 48 HPP, no vascular connection between funiculus
and replum was observed in an unfertilized ovule
(Fig. 2A, C) and also none of the unfertilized ovaries
set into fruit. In contrast, vascular differentiation in
fertilized flowers resulted in a vascular element that
extends from the base of the ovule funiculus toward
the replum vasculature in Bruinsma Wonder (Fig. 2B)
and Fireflame (Fig. 2D). These observations suggest
that the vascular connection is an early indicator for
successful fruit-set after pollination and fertilization
in C. annuum.
Cell number and cell diameter both contribute
to early fruit growth
To know whether early fruit growth is because of the
cell division or cell expansion or a combination of
both, we carefully recorded the fruit diameter, cell
number and cell diameter in a post-pollinated ovary.
The three distinct layers found in carpels of other plant
species, i.e. exocarp, mesocarp and endocarp could
be clearly distinguished in C. annuum cv. Bruinsma
Wonder. The exocarp being the outermost single cell
layer, the mesocarp being multilayered and comprising
of vascular bundles, and the endocarp consisting of
a single layer of giant cells and a layer of small
cells (Fig. 3A). In the exocarp and endocarp mainly
anticlinal cell divisions (where new cell walls are
inserted perpendicular to the surface of the fruit) were
observed, whereas the orientation of cell division in
the mesocarp was random (Fig. 3A, arrow). Cells
in the exocarp and innermost endocarp remained
small, which might be because of the extensive cell
division in those layers, while the mesocarp and giant-
endocarp cells underwent significant cell expansion. A
clear gradient in cell size was observed from exterior
to the interior in mesocarp layers (Fig. 3A, broken
arrow). The cells were smaller and flat toward the
exterior (close to exocarp), more rounded and relatively
isodiametric in the middle and around the vascular
bundle, and approaching the interior they became larger
and elongated (Fig. 3A).
Multilayered mesocarp was used to evaluate the
contribution of cell division and cell expansion in














































Fig. 3. Histological observation in a carpel of Capsicum annuum cultivar ‘Bruinsma Wonder’ at 12, 20, 30, 40 and 72 HPP. (A) Representative image
of a horizontal cross section of the carpel (at anthesis) with indication of an area (box) in which diameter of cells were measured, three distinct layers,
i.e. exocarp: single layered, mesocarp: multilayered and endocarp: double layered (giant and small). Vascular bundle (VB), anticlinal cell division in
exocarp and endocarp (vertical arrows), random orientation of cell division in mesocarp (random arrow head). Smaller to bigger cell size gradient from
exterior (above) to interior (below) direction in mesocarp (broken arrow). Scale bar: 50 μm. (B) Correlation between fruit diameter and cell number
(closed symbols), and between fruit diameter and average cell diameter (open symbols) at 12 ( , ), 20 ( , ©), 30 ( , ), 40 ( , ) and 72( ,
) HPP (n = 3–5 ovaries).
A B C
Fig. 4. (A) Fruit weight (g) (inset: fruit weight from 0 to 6 DAA) and endogenous IAA level for Capsicum annuum cultivar ‘Bruinsma Wonder’ in (B)
placenta and (C) carpel at 0, 2, 6, 8, 10, 15, 20, 30 and 40 DAA from seeded (closed symbols) and seedless (open symbols) fruits obtained from
pollinated (Poll) and emasculated (Em) flowers, respectively (n = 2–3). Vertical bars represents interaction LSD (0.05) values.
fruit growth. From 12 to 30 HPP no difference in
cell diameter (P = 0.941), cell number (P = 0.524) and
fruit diameter (P = 0.125) was observed. A significant
increase in the cell diameter (P < 0.001), cell number
(P = 0.009) and fruit diameter (P = 0.009) was observed
between 30 and 40 HPP (Fig. 3B). Between 12 and
72 HPP there was a significant positive correlation
between fruit diameter and cell number (r2 = 0.99), and
between fruit diameter and cell diameter (r2 = 0.99;
Fig. 3B), indicating that both cell division and
cell expansion contribute to early fruit growth. The
steepness of the curves indicates that the cell division
contributed more to increased fruit diameter than cell
expansion.
Auxin is important in fruit-set and fruit growth
To evaluate the role of IAA in fruit-set and fruit growth,
endogenous IAA levels were measured in the placenta
and carpels of seeded and seedless fruits obtained
from pollinated and unpollinated flowers, respectively.
The development of both seeded and seedless fruits
comprised an initial phase of slow growth between 0
and 10 DAA followed by a rapid growth (10–40 DAA).
The ovary weight in seeded and seedless fruits was
the same at 0 DAA, but increased in seeded fruits at
4 DAA (P < 0.001); whereas seedless fruit weight only
significantly increased at 6 DAA (P < 0.001; Fig. 4A).
At 40 DAA, seedless fruits were more conical in shape
while seeded fruits were blocky in shape and fruit weight
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Fig. 5. Number of cell layers, cell diameter and fruit diameter in Capsicum annuum cultivar ‘Bruinsma Wonder’ (n = 3–5). (A) Average number of
cell layers in the mesocarp, (B) average cell diameter in the mesocarp, (C) relation between fruit mesocarp cell diameter (mm) and fruit diameter (mm)
in seeded (closed symbols) and seedless fruits (open symbols) obtained from pollinated (Poll) and emasculated (Em) flowers at 2, 0, 2, 6, 8, 10, 15,
20, 30 and 40 DAA, respectively. Vertical and horizontal bars indicate standard error of mean.
of seedless fruits was significantly smaller than seeded
fruit (P = 0.012). In the placenta and in the carpels, the
IAA levels were higher at or around anthesis (0 DAA)
compared with 10–12 DAA in both seeded and seedless
fruits. A significant peak of IAA was observed in the
carpel of seeded fruits at 20 DAA (P < 0.001), whereas
this peak was absent in seedless fruits (Fig. 4B, C).
To investigate the differences between seeded and
seedless fruits at the cellular level, cell division (number
of cell layers) and cell expansion (cell diameter) were
quantified for both fruit types. The number of cell layers
in the carpel was the same for seeded and seedless
fruits at 0–12 DAA, while this was significantly higher in
seeded fruits from 20 DAA onward, indicating more cell
divisions in seeded fruits compared with seedless fruits
(Fig. 5A). At 40 DAA, the mesocarp cell diameter was
significantly higher in seeded fruits compared to seedless
fruits (P = 0.016), while no difference was observed in
exocarp (P = 0.840), giant endocarp (P = 0.723) and
small endocarp (P = 0.742). A positive relation between
mesocarp cell diameter and fruit diameter was observed
in seeded (r2 = 0.91) and seedless fruits (r2 = 0.87;
Fig. 5C) indicating the contribution of cell expansion
to later fruit growth. The increase in mesocarp cell
diameter at 20 DAA coincided with the peak in IAA
levels in the carpel of seeded fruits (Figs 5B and 4C),
suggesting that IAA stimulates cell expansion to trigger a
major increase in fruit growth.
Discussion
Fertilization induces vascular connection between
ovule and carpel to initiate fruit-set
After pollination, fruit-set requires pollen germination
and pollen tube growth in the stylar tissue towards the
ovule and into the embryo sac to enable the fusion
between male and female gametes (Weterings and
Russell 2004). Our study indicates that in C. annuum
the majority of ovules are fertilized at 20–28 HPP. This
is similar to the timing of fertilization observed in tomato
(Iwahori 1966), but significantly longer compared with
Arabidopsis, where fertilization occurs around 5 HPP
(Faure et al. 2002).
Gene expression and mutant studies have indicated
the important role of auxin in fruit-set in Arabidopsis
and tomato (Wang et al. 2005, Goetz et al. 2007,
Vriezen et al. 2007, de Jong et al. 2009). Moreover,
the fact that ovule-specific expression of a bacterial
auxin biosynthesis gene under the DEFH9 promoter
can induce fruit-set without fertilization in tomato and
several other plant species (Rotino et al. 1997, Ficcadenti
et al. 1999, Mezzetti et al. 2004, Yin et al. 2006) suggests
that production of free auxin in the ovule is a rate-
limiting step in fruit initiation. Enhanced expression
of the auxin responsive DR5::GFP reporter has been
observed in Arabidopsis ovules 5–24 HPP (Dorcey
et al. 2009, Fuentes and Vivian-Smith 2009), suggesting
that fertilization rapidly induces either de novo auxin
biosynthesis or hydrolysis of auxin conjugates. In
C. annuum we do not observe a clear increase in free
IAA levels in the placental tissue (Fig. 4B), but rather
a decrease. As our earliest time point was 2 days after
pollination, we may have missed this initial burst of
auxin production. Alternatively, such increase may not
be detectable when the entire placenta is used as source
tissue instead of ovules.
Immediately after fertilization, a vascular connection
has been observed between ovule and carpel in
Arabidopsis (Fuentes and Vivian-Smith 2009). The
importance of auxin transport for vascular development
(Scarpella et al. 2006) suggests that the vascular
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connection between ovule and carpel is mediated
by transport of fertilized ovule-generated auxin to
the carpel. This process also occurs in C. annuum
where fruit-set and vascular connection between
ovule and replum was observed in fertilized ovaries,
whereas the vasculature in the funiculus remained
disconnected from the replum in unfertilized ovaries.
The correlation between vascular development and
fruit-set was observed in both a sweet and a hot
pepper cultivar, i.e. Bruinsma Wonder and Fireflame,
which strongly suggests that in C. annuum also vascular
connection between ovule and replum is mediated by
transport of newly produced free IAA from the ovule
to the carpel, and is a determinant factor for sustained
fruit growth after fertilization. This fertilization-induced
vascular biogenesis does not appear to be restricted to
the ovule–carpel junction, but also appears to occur
elsewhere in the flower, e.g. vascular biogenesis in the
pedicel has been related with fruit development in citrus
(Bustan et al. 1995), apple (Drazeta et al. 2004) and
Prunus (Else et al. 2004).
Both cell division and cell expansion contribute
to early fruit growth in C. annuum
During fruit development in C. annuum, the exocarp
and endocarp layers comprise of small but mitotically
active cells, whereas a substantial increment in the cell
size was observed in the mesocarp (Fig. 3A). Anticlinal
divisions contribute to increase in surface area and
periclinal divisions (new cell walls are inserted parallel
to the surface of the fruit) contribute to increase in tissue
thickness in Vitis vinifera (Considine and Knox 1981).
In C. annuum, mesocarp comprises both anticlinal
and periclinal types of cell divisions, which contribute
maximum to the fruit growth. The same pattern of cell
division and expansion was reported in tomato and
Lagenaria leucantha (Varga and Bruinsma 1976, Joubès
and Chevalier 2000, Yu et al. 2001, Cheniclet et al.
2005). A gradient in cell size was observed in C. annuum
mesocarp layers of the expanding ovary (Fig 3A, broken
arrow). Interestingly, in tomato, genes controlling the
cell expansion process (tonoplast intrinsic protein: TIP
and pro-rich protein : PRP) or its regulation (hormone
synthesis, signaling and response) are expressed along a
gradient from the inner part to the outer part of the fruit,
resulting in a gradient in cell size (Lemaire-Chamley
et al. 2005).
Between 30 and 40 HPP the fruit diameter started to
increase, and at the same time an increase in the mean
cell diameter and increase in mesocarp cell number was
observed (40 HPP), suggesting that early fruit growth
is because of the coordination of cell division and cell
expansion. Our results are in agreement with those in
Arabidopsis and tomato where a combination of cell
division and cell expansion promotes carpel growth
immediately after pollination and fertilization (Nitsch
1970, Cheniclet et al. 2005).
Cell division is dominant in early fruit growth in
C. annuum (Fig. 3B) similar to what has been reported
in mandarin, tomato and L. leucantha, where early fruit
growth is primarily the result of cell division (Guardiola
and Lazaro 1987, Yu et al. 2001, Bertin 2004). Cell
expansion is the main determinant of later fruit growth
in C. annuum (Fig. 5B, C) similar to what has been
reported in tomato, cucumber and pear where after few
weeks of early fruit growth, the cell division ceases and
subsequent growth of the fruits is mainly supported by
cell expansion and the formation of intercellular space
(Gillaspy et al. 1993, Marcelis and Baan Hofman-Eijer
1993, Matsumoto et al. 2008).
Auxin-enhanced cell expansion is important
for maximal fruit growth
Fruit growth in C. annuum follows a sigmoid growth
pattern: an initial phase with slow growth, an inter-
mediate phase with rapid growth and a last phase or
ripening phase with no further growth (Nielsen et al.
1991). Also in our measurements we observed a sigmoid
growth pattern, despite the fact that the last stages of fruit
development were not included (Fig. 4A). At 40 DAA,
seedless fruits were smaller than seeded fruits, which
seem to be because of the limitation of both cell division
and cell expansion as number of cell layers and cell
diameter in mesocarp layers were significantly reduced
in seedless fruits compared with seeded fruits (Fig. 5A,
B). This result is in the agreement with tomato where
fruit size is determined by both cell number and cell size
(Ho 1996).
It has been suggested that auxin promotes cell
expansion in fruits (Rayle and Cleland 1992, Gillaspy
et al. 1993). Auxin presumably causes an increase in
the extensibility of cell walls and induces uptake and
retention of water and solutes (Masuda 1969, Cleland
1995). In seeded fruits of C. annuum, a steep increase in
cell diameter was observed at 20 DAA correlating with
a clear peak in IAA levels in the carpel (Figs 4C and
5B). The increase in cell size was significantly reduced
in seedless fruits, and also no clear peak in IAA levels
was observed here, explaining why seedless fruits are
smaller than seeded fruits. These results suggest that the
observed IAA peak in the carpel of seeded fruits at 20
DAA induces a major increase in cell diameter, which
is essential to obtain maximum fruit size. Similar to our
observations in pepper, a significant peak in auxin levels
Physiol. Plant. 147, 2013 403
has been reported in seeded tomato fruits around 30
DPP, coinciding with the phase of cell expansion during
fruit growth (Sjut and Bangerth 1982/1983, Gillaspy
et al. 1993); whereas this peak in auxin levels was not
observed in seedless tomato fruits. Although we did not
measure gibberellin levels, it is likely that auxin-induced
gibberellin biosynthesis contributes to this increase in
cell expansion (Ngo et al. 2002, Ozga et al. 2003,
Serrani et al. 2008).
Conclusion
Here we show that early fruit development induced
by fertilization in C. annuum coincides with the
development of a continuous vascular connection
between ovule and replum, while without fertilization
this vascular connection is absent and flowers abort.
These results indicate that, as in Arabidopsis, vascular
development is an early determinant of fruit-set after
fertilization in C. annuum, suggesting that transport
of newly produced auxin from the ovule is an early
event in fruit development. Increase in cell number and
cell diameter both contribute to early fruit growth in
C. annuum after pollination and fertilization. Increase
in cell number is more prominent at early stage of
fruit growth while increase in cell diameter is more
dominant at later stages of fruit growth. As in tomato,
the increase in cell size appears to coincide with a peak
in IAA levels. The observed similarities in fruit-set and
initiation processes between C. annuum and tomato and
Arabidopsis, suggests that the available knowledge from
these model plants might help to understand fruit-set
and development process in C. annuum and to improve
fruit quality and introduce traits such as parthenocarpy
in this crop species.
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Fertilization in Arabidopsis thaliana wild type:
developmental stages and time course. Plant J 30:
481–488
Ficcadenti N, Sestili S, Pandolfini T, Cirillo C, Rotino G,
Spena A (1999) Genetic engineering of parthenocarpic
fruit development in tomato. Mol Breed 5: 463–470
Fuentes S, Vivian-Smith A (2009) Fertilization and fruit
initiation. In: Ostergaard L (ed) Fruit Development and
Seed Dispersal, Vol. 38. Wiley Blackwell, Norwich, UK,
pp 107–171
404 Physiol. Plant. 147, 2013
Gillaspy G, Bendavid H, Gruissem W (1993) Fruits – a
developmental perspective. Plant Cell 5: 1439–1451
Goetz M, Hooper LC, Johnson SD, Rodrigues JC,
VivianSmith A, Koltunow AM (2007) Expression of
aberrant forms of AUXIN RESPONSE FACTOR8
stimulates parthenocarpy in Arabidopsis and tomato.
Plant Physiol 145: 351–366
Griffiths J, Murase K, Rieu I, Zentella R, Zhang ZL, Powers
SJ, Gong F, Phillips AL, Hedden P, Sun TP, Thomas SG
(2006) Genetic characterization and functional analysis
of the GID1 gibberellin receptors in Arabidopsis. Plant
Cell 18: 3399–3414
Guardiola JL, Lazaro E (1987) The effect of synthetic
auxins on fruit growth and anatomical development in
‘Satsuma’ Mandarin. Sci Hortic 31: 119–130
Heuvelink E, Körner O (2001) Parthenocarpic fruit growth
reduces yield fluctuation and blossom-end rot in sweet
pepper. Ann Bot 88: 69–74
Ho LC (1996) The mechanism of assimilate partitioning
and carbohydrate compartmentation in fruit in relation
to the quality and yield of tomato. J Exp Bot 47:
1239–1243
Huberman M, Riov J, Aloni B, Goren R (1997) Role of
ethylene biosynthesis and auxin content and transport in
high temperature-induced abscission of pepper
reproductive organs. J Plant Growth Regul 16: 129–135
Iwahori S (1966) High temperature injuries in tomato. V.
Fertilization and development of embryo with special
reference to the abnormalities caused by high
temperature. J Jpn Soc Hortic Sci 35: 55–62
de Jong M, Wolters-Arts M, Feron R, Mariani C, Vriezen
WH (2009) The Solanum lycopersicum auxin response
factor 7 (SlARF7) regulates auxin signaling during
tomato fruit set and development. Plant J 57: 160–170
Joubès J, Chevalier C (2000) Endoreduplication in higher
plants. Plant Mol Biol 43: 735–745
Lemaire-Chamley M, Petit J, Garcia V, Just D, Baldet P,
Germain V, Fagard M, Mouassite M, Cheniclet C,
Rothan C (2005) Changes in transcriptional profiles are
associated with early fruit tissue specialization in
tomato. Plant Physiol 139: 750–769
Marcelis LFM, Baan Hofman-Eijer LR (1993) Cell-division
and expansion in the cucumber fruit. J Hortic Sci
Biotechnol 68: 665–671
Marcelis LFM, Heuvelink E, Baan Hofman-Eijer LR, Den
Bakker J, Xue LB (2004) Flower and fruit abortion in
sweet pepper in relation to source and sink strength. J
Exp Bot 55: 2261–2268
Masuda Y (1969) Auxin-induced expansion in relation to
cell wall extensibility. Plant Cell Physiol 10: 1–9
Matsumoto K, Chun JP, Nakata N, Tamura F (2008) Rapid
mesocarp cell elongation enhances gumming syndrome
in Japanese apricot (Prunus mume Sieb. et Zucc.) fruit. J
Food Qual 31: 205–215
Mezzetti B, Landi L, Pandolfini T, Spena A (2004)
ThedefH9-iaaM auxin-synthesizing gene increases plant
fecundity and fruit production in strawberry and
raspberry. BMC Biotechnol 4: 4
Ngo P, Ozga JA, Reinecke DM (2002) Specificity of auxin
regulation of gibberellin 20-oxidase gene expression in
pea pericarp. Plant Mol Biol 49: 439–448
Nielsen TM, Skjaerbaek HC, Karlsen P (1991)
Carbohydrate metabolism during fruit development in
sweet pepper (Capsicum annuum). Physiol Plant 82:
311–319
Nitsch JP (1970) The biochemistry of fruits and their
products, Vol. 2. Academic Press, London
Ozga JA, Yu J, Reinecke DM (2003) Pollination-,
development-, and auxin specific regulation of
gibberellin 3β-hydroxylase gene expression in pea fruit
and seeds. Plant Physiol 131: 1137–1146
Rayle DL, Cleland RE (1992) The acid growth theory of
auxin-induced cell elongation is alive and well. Plant
Physiol l99: 1271–1274
Rotino GL, Perri E, Zottini M, Sommer H, Spena A (1997)
Genetic engineering of parthenocarpic plants. Nat
Biotechnol 15: 1398–1401
Scarpella E, Marcos D, Friml J, Berleth T (2006) Control of
leaf vascular patterning by polar auxin transport. Genes
Dev 20: 1015–1027
Serrani JC, Ruiz-Rivero O, Fos M, Garcı́a-Martı́nez JL
(2008) Auxin-induced fruit-set in tomato is mediated in
part by gibberellins. Plant J 56: 922–934
Sjut V, Bangerth F (1982/1983) Induced parthenocarpy – a
way of changing the levels of endogenous hormones in
tomato fruits (Lycopersicon esculentum Mill.) 1.
Extractable hormones. J Plant Growth Regul 1: 243–251
Smith WH (1950) Cell-multiplication and cell-enlargement
in the development of the flesh of the apple fruit. Ann
Bot 14: 23–38
Spena A, Rotino GL (2001) Parthenocarpy: state of the art.
In: Bhojwani SS, Soh WY (eds) Current Trends in the
Embryology of Angiosperms. Kluwer Academic
Publishers, Dordrecht, The Netherlands, pp 435–450
Talon M, Zacarias L, Primomillo E (1992) Gibberellins and
parthenocarpic ability in developing ovaries of seedless
mandarins. Plant Physiol 99: 1575–1581
Tiwari A, Dassen H, Heuvelink E (2007) Selection of sweet
pepper (Capsicum annuum L.) genotypes for
parthenocarpic fruit growth. Acta Hortic 761: 135–140
Tiwari A, Vivian-Smith A, Voorrips RE, Habets MEJ, Xue
LB, Offringa R, Heuvelink E (2011) Parthenocarpic
potential in Capsicum annuum L. is enhanced by
carpelloid structures and controlled by a single recessive
gene. BMC Plant Biol 11: 143
Varga A, Bruinsma J (1976) Roles of seeds and auxins in
tomato fruit growth. Z Planzenphysiol 80: 95–104
Physiol. Plant. 147, 2013 405
Vivian-Smith A (2001) The molecular basis for the
initiation of fruit development and parthenocarpy. PhD
dissertation. University of Adelaide, Adelaide, Australia
Vivian-Smith A, Koltunow AM (1999) Genetic analysis of
growth-regulator-induced parthenocarpy in Arabidopsis.
Plant Physiol 121: 437–451
Voogt W, Bloemhard C (1993) Voedingsoplossingen voor
de teelt van paprika in steenwol en bij hergebruik van
drainwater. Voedingsoplossingen in de glastuinbouw
13, 5th revised Edn. Research station for floriculture and
glasshouse vegetables, Naaldwijk, The Netherlands
Vriezen WH, Feron R, Maretto F, Keijman J, Mariani C
(2007) Changes in tomato ovary transcriptome
demonstrate complex hormonal regulation of fruit set.
New Phytol 177: 60–76
Wang H, Jones B, Li Z, Frasse P, Delalande C, Regad F,
Chaabouni S, Latche A, Pech JC, Bouzayen M (2005)
The tomato Aux/IAA transcription factor IAA9 is
involved in fruit development and leaf morphogenesis.
Plant Cell 17: 2676–2692
Weterings K, Russell SD (2004) Experimental analysis of
the fertilization process. Plant Cell 16(suppl):
S107–S118
Wien HC, Tripp KE, Hernandez-Armenta R, Turner AD
(1989) Abscission of reproductive structures in pepper:
causes, mechanisms and control. In: Green SK (ed)
Tomato and Pepper Production in the Tropics. Asian
Vegetable Research and Development Center, Taipei,
Taiwan, pp 150–165
Wubs AM, Ma Y, Heuvelink E, Marcelis LFM (2009)
Genetic differences in fruit-set patterns are determined
by differences in fruit sink strength and a source: sink
threshold for fruit set. Ann Bot 104: 957–964
Yin ZM, Malinowski R, Ziolkowska A, Sommer H,
Plader W, Malepszy S (2006) The
DefH9-iaaM-containing construct efficiently induces
parthenocarpy in cucumber. Cell Mol Biol Lett 11:
279–290
Yu J, Li Y, Qian YR, Zhu ZJ (2001) Cell division and cell
enlargement in fruit of Lagenaria leucantha as
influenced by pollination and plant growth substances.
J Plant Growth Regul 33: 117–122
Zhang JZ, Somerville CR (1997) Suspensor-derived
polyembryony caused by altered expression of
valyl-tRNA synthetase in the twn2 mutant of
Arabidopsis. Proc Natl Acad Sci USA 94: 7349–7355
Edited by Y. Helariutta
406 Physiol. Plant. 147, 2013
